The methylotrophic yeast Pichia pastoris is frequently used for heterologous protein 34 production and it assimilates methanol efficiently via the xylulose-5-phosphate pathway. This 35 pathway is entirely localized in the peroxisomes and has striking similarities to the Calvin-36
Introduction 55
Autotrophic organisms have the capability to use inorganic CO2 as a carbon source to build 56 up their biomass. Inorganic carbon assimilation is essential for a closed carbon cycle on earth 57 and thus supplying heterotrophic organisms with organic carbon sources. The excessive use 58 of fossil resources by mankind led to a global imbalance of the carbon cycle leading to 59 increasing atmospheric CO2 concentrations and to global warming. Finding new ways to 60 reduce atmospheric CO2 requires a better understanding and utilization of the metabolic 61 pathways for assimilation of CO2 into biomass. Biotechnological production hosts are almost 62 exclusively heterotrophs and use feedstocks which compete with feed or food production. 63
One of the key tasks for creating sustainable biotechnological processes in the near future is 64 to use CO2 as a carbon feedstock and thereby reducing the atmospheric levels of this 65 greenhouse gas. The Calvin-Benson-Bassham (CBB) cycle 1 is the predominant of the six 66 naturally occurring CO2 fixation pathways 2,3 . Its key enzyme ribulose-1,5-bisphosphate 67 carboxylase/oxygenase (RuBisCO) is considered to be the most abundant enzyme found in 68 the biosphere and fixates around 90% of the inorganic carbon converted into biomass 4 . 69
Engineering efforts were made to equip heterotrophic model organisms with CBB cycle 70 genes including Escherichia coli and Saccharomyces cerevisiae. Expressing RuBisCO and 71 phosphoribulokinase (Prk) in E. coli led to a decreased exhaust of CO2 when growing on 72 4 arabinose 5 . An important step was achieved by splitting the carbon metabolism of E. coli 73 into modular subunits: one providing energy and reducing equivalents in the form of ATP 74 and NADH, and the other module carrying out the carbon assimilation. As an energy source 75
Antonovsky and coworkers used pyruvate to fuel a synthetic CBB cycle in E. coli enabling 76 "hemiautotrophic" growth 6 . The term hemiautotrophic was introduced because only part of 77 the carbon assimilated originated from CO2 and the rest came from pyruvate. In a follow-up 78 study it was shown which mutations E. coli requires to stabilize the metabolic network in 79 order to host a non-native metabolic pathway as the CBB cycle 7 . Implementing parts of the 80 CBB cycle in the yeast species S. cerevisiae [8] [9] [10] [11] increased yields in ethanol production by 81 using CO2 as an additional electron acceptor to reoxidize NADH. In a recent study, the 82 assimilatory pathway of Methylobacterium extorquens AM1 was blocked by deleting three 83 native genes (ccrΔ, glyAΔ and ftfLΔ). RuBisCO and Prk were overexpressed, resulting in a 84 strain that can incorporate CO2 into biomass using methanol as energy source, but no 85 continuous growth on CO2 as sole carbon source was observed 12 . So far, it was not possible 86 to construct a synthetic autotrophic organism which can readily grow on CO2 as a sole carbon 87 source to form its entire biomass. 88
The methylotrophic yeast Pichia pastoris (syn.: Komagataella phaffii) 13,14 is widely used as 89 a production host for heterologous proteins serving both the biopharmaceutical 15 as well as 90 the technical enzyme markets 16 . It has gained increased interest as a chassis host for 91 metabolic engineering 17 and as a model organism for studying peroxisome biogenesis 18,19 . 92 P. pastoris is capable of a methylotrophic lifestyle enabling it to use the C1 compound 93 methanol as its sole energy and carbon source. After its oxidation to formaldehyde, methanol 94 utilization is split into two branches: in the assimilatory branch methanol is fixated after 95 oxidation to formaldehyde to finally yield phosphosugars needed for biomass generation, 96 while in the dissimilatory pathway energy is produced in the form of NADH. Steps of the 97 5 dissimilatory branch are carried out both in the peroxisome and in the cytosol, while the 98 assimilatory branch is entirely localized in peroxisomes 20 . Upon growth on methanol, 99 peroxisomes are highly abundant within the cell and methanol utilization pathway associated 100 enzymes are predominately expressed (e.g. alcohol oxidase 1 (Aox1)). Powerful genetic tools 101 including CRISPR/Cas9 mediated techniques are available for P. pastoris 17,21,22 allowing to 102 re-build and integrate entire metabolic pathways into this host without the use of integrative 103 selection markers. In this work, we use P. pastoris as a chassis cell to de novo engineer a 104 synthetic CBB cycle and to test its capability to promote autotrophic growth on CO2. 105
Results 106
The xylulose-monophosphate (XuMP) cycle is used as a template to engineer a synthetic folding two molecular chaperones from E. coli (GroEL and GroES) were integrated into the 158 genome 8 . Furthermore, AOX1 was deleted to reduce the formation rate of formaldehyde, 159 which can still be formed by AOX2 (encoding alcohol oxidase 2). In a nutshell, to enable a 160 functional CO2 assimilation cycle in P. pastoris, three native genes were deleted and eight 161 heterologous genes were integrated into the genome. Six of these genes are required for a 162 fully functional CBB cycle and are either targeted to the peroxisome or to the cytosol. Two 163 genes encode chaperones and are expressed in the cytosol. We generated these strains (listed 164 in supplementary Table 1 ) in a three-step transformation procedure by a CRISPR/Cas9 165 mediated workflow for genome engineering in P. pastoris (see This experiment showed that strains expressing a complete CBB cycle can grow in the 205 presence of CO2 and methanol, which indicates that the integrated CBB cycle is functional 206 (Fig. 3) . The superior growth behavior of the CBBp+RuBisCO strain confirmed that it is 207 beneficial to compartmentalize the CBB cycle by targeting it to the peroxisome and thereby 208 replacing the native XuMP cycle. As expected the negative control (CBBpΔRuBisCO) did 209 not grow on media containing methanol and CO2. In this strain, the deletion of DAS1 and 210 DAS2 prevents the methanol assimilation capability of P. pastoris and the RuBisCO is 211 missing to complete a full CBB cycle. These results confirm that a deletion of DAS1/DAS2 is 212 sufficient to block the assimilation of methanol into biomass. The transketolase 1 (Tkl1) 213 which is responsible for the conversion of GAP and S7P into R5P and Xu5P is a homolog of 214 Das1 and Das2. Thus, Tkl1 might exhibit also a promiscuous activity for the reaction 215 catalyzed by Das1/Das2, which is the conversion of formaldehyde and Xu5P to GAP and 216 DHAP. However, since CBBpΔRuBisCO were not able to grow when supplemented with 217 methanol, Tkl1 cannot substitute for Das1/Das2. 218 P. pastoris strains expressing a functional CBB cycle in the peroxisome require CO2 for 219 growth and biomass formation 220
In the following experiments the CO2 incorporation characteristics of the strains expressing a 221 peroxisomal CBB cycle (CBBp+RubisCO) together with the negative control strain having a 222 disrupted CBB cycle (CBBpΔRuBisCO) were tested in controlled bioreactor cultivations. 223
After accumulation of biomass in a batch phase on glycerol, CBBp+RuBisCO and 224
CBBpΔRuBisCO cells were fed with CO2 and/or methanol. Thereby, two different CO2 225 feeding regimes were used: in regime A, a set of both strains were first fed with methanol 226 only and 0% (v/v) CO2 in the inlet gas and after 135 hours the CO2 was increased to 5 % 227
(v/v). In regime B, a set of both strains was fed first with methanol and 5% CO2 and switched 228 11 to 0% CO2 after 135 hours (Fig. 4) . The bioreactors were operated at a high stirring-and 229 gasflow-rate (1000 rpm and 35 sL h -1 respectively) to blow out CO2 formed by methanol 230 oxidation. With these experimental settings, the CO2 concentration measured at the off-gas 231 analyzer was below the detection limit of 0.1 % (v/v) also in cultures oxidizing methanol. The two strains (CBBp+RuBisCO and CBBpΔRuBisCO) growing under the CO2 feeding 248 regime A (Fig. 4 ) did not grow without the addition of CO2. After commencing to feed with 249 CO2 the strain CBBp+RuBisCO began to grow with a biomass formation rate of 0.029 g L -250 1 h -1 CDW. No growth was detected for the control strain CBBpΔRuBisCO. In regime B (Fig.  251   4) , where CO2 is fed in the first phase, the CBBp+RuBisCO strain could grow with a rate of 252 0.036 g L -1 h -1 CDW and again no growth was detected for the negative control strain 253
CBBpΔRuBisCO. In the second phase of this cultivation, where no CO2 was present in the 254 inlet gas supply, no growth was detected for both strains. These results demonstrate that the 255 CBBp+RuBisCO strains can take up and grow on CO2 as a carbon source and thus have a 256 functional CO2 assimilation pathway. As energy source methanol can be oxidized by all 257 strains ( Supplementary Fig. 2 ). The control strains (CBBpΔRuBisCO) are lacking the 258 essential step of the CBB cycle catalyzed by RuBisCO and thus the energy generated by 259 methanol oxidation can only be used to sustain the energy requirements of cellular 260 maintenance. In accordance, the methanol oxidation rate in CBBpΔRuBisCO strains with 261 0.027 g (MetOH) g (CDW) -1 h -1 was lower compared to CBBp+RuBisCO strains which have 262 a methanol oxidation rate of 0.046 g (MetOH) g (CDW) -1 h -1 ( Supplementary Fig. 2) . The 263
CBBp+RuBisCO strains only grew in the presence of both methanol and CO2. Even after a 264 prolonged period on methanol as an energy carrier cells could start growing again, when CO2 265 is present in the inlet gas. Taken together these data demonstrate that the growth of the 266 engineered strains expressing a synthetic CBB cycle in the peroxisomes of P. pastoris is 267 dependent on the supply of CO2 as carbon source. 268
Incorporation of CO2 into biomass is verified by 13 C labelling 269
The dependency of CBBp+RuBisCO cells on the supply of gaseous CO2 for growth was 270 shown in the previous experiment. However, to obtain further evidence that CO2 is taken up 271 and incorporated into biomass, a study in which the labelling of biomass with 13 C and 12 C is 272 measured by Elemental Analysis -Isotope Ratio Mass Spectrometry (EA-IRMS) was 273 designed. The biomass of the engineered cells (CBBp+RuBisCO and CBBpΔRuBisCO) was 274 13 enriched with 13 C carbon by batch cultivation on minimal medium containing fully labelled 275 13 C glycerol as the sole carbon source (Fig. 5 a) . The 13 C content in the biomass samples was 276 measured by EA-IRMS. After the batch phase, the 13 C enrichment reached 95 ± 0.5 % for the 277 cultivation with CBBpΔRuBisCO and 97 ± 0.3 % for the CBBp+RuBisCO (Fig. 5 c) . 100% 278 13 C labelling cannot be reached, due to 12 C carried over from the inoculum and the trace 12 C 279 contamination of the utilized 13 C glycerol ( 13 C enrichment >99 %). After the glycerol was 280 consumed, the feeding regime was shifted to gaseous CO2 with a natural isotopologue 281 distribution (98.901 12 C, 1.109 % 13 C) and to methanol either with a natural isotopologue 282 distribution or with 13 C enrichment (>99 % 13 C). 283 
297
As expected, CBBp+RuBisCO strains grew under the conditions with a mean biomass 298 formation rate of 0.040 ± 0.003 g L -1 h -1 CDW, whereas CBBpΔRuBisCO strains showed no 299 growth but still consumed methanol. During growth on CO2 and methanol the cells carried 300 out approximately one cell doubling. Growth of the CBBp+RuBisCO strain was 301 accompanied with a reduction of the 13 C content in the biomass (Fig. 5 d) . After 158 hours 302 the 13 C labelling content of the CBBp+RuBisCO fed with 12 CO2 and 13 C methanol reached 303 52 ± 0.3% or 48 ± 0.2% in a technical replicate. These data matched with the predicted values 304 based on the measurement of accumulated biomass. The non-growing CBBpΔRuBisCO 305 showed no change in the 13 C labelling content over the entire cultivation period. In the fourth 306 experiment, the CBBp+RuBisCO was cultivated with 12 CO2 and 12 C methanol. Also in this 307
case the 13 C labelling content decreased according to predicted values based on the biomass 308 measurements. All values obtained in this experiment are shown in Supplementary Table 2 . 309
These data show that the carbon coming from CO2 is incorporated into the biomass of a strain 310 expressing a functional CBB cycle. The carbon from methanol is oxidized to CO2, but due to 311 the high gas-flow rate, it is efficiently removed from the bioreactor. The negative control 312 strain (CBBpΔRuBisCO), which can oxidize methanol but cannot incorporate CO2 into the 313 biomass, showed consequently no change in the overall 13 C labelling pattern. Taken together 314 15 these data confirm that a P. pastoris strain containing a functional CBB cycle can utilize CO2 315 as a sole carbon source and methanol as energy source. Per definitionem the lifestyle of this 316 strain can be described as chemoorganoautotrophic. 
331
The growth profile is shown in Fig. 6 . After induction, the cells quickly started to grow with 332 an initial growth rate of µ = 0.020 ± 0.0014 h -1 in the first 20 h after inoculation. In the 333 following the growth was reduced, but a continuous exponential growth phase between 100 334 up to 235 hours with a µ of 0.008 ± 0.0001 h -1 and a doubling time of 92 ± 1.7 h was 335 observed. The higher initial growth rate could be attributed to the utilization of intracellular 336 storage compounds, enzymes and metabolites which were accumulated during growth on the 337 pre-medium. 338 Therefore, the growth rate achieved in the prolonged exponential phase is determined as the 339 µmax of the culture under the given batch conditions. Over the entire observed 450 h of 340 cultivation the cells performed a mean of 4.3 cell doublings. These data show that the 341 engineered CBBp+RuBisCO strain can perform multiple cell doublings growing with a 342 chemoorganoautotrophic lifestyle. The growth performance of the strains presented here is 343 comparable to autotrophic organisms ( Supplementary Table 3 ). 344
Conclusion 345
In this work, we reengineer yeast metabolism to enable a synthetic chemoorganoautotrophic 346 lifestyle. Following a rational engineering strategy, a synthetic CBB cycle was introduced 347 into the methylotrophic yeast P. pastoris. This enables the cell to utilize CO2 as a carbon 348 source and to grow as an autotrophic organism. By splitting the metabolism into an energy 349 generation module and a carbon fixation module, it is possible to decouple energy generation 350 from carbon fixation 6,12 . This modular design is crucial to demonstrate CO2 fixation by the 351 engineered P. pastoris strains. In our design, methanol is used as an electron donor and is 352 oxidized via formaldehyde to CO2 and NADH, which defines the lifestyle as 353 chemoorganoautotrophic. Via the respiratory chain ATP is generated. 
Materials and methods 372

Plasmid construction 373
All expression cassettes and sgRNA / hCas9 plasmids were constructed by Golden Gate 374 cloning 22,27,28 . Three native genes of P. pastoris (AOX1, DAS1 and DAS2) were replaced by 375 the coding sequences of the genes listed in Supplementary Table 4 . A CRISPR/Cas9 376 mediated homologous recombination (HR) directed system was used to construct the strains 377 29 . Flanking regions needed for replacing the CDSs of AOX1, DAS1 and DAS2 were amplified 378 from CBS7435 wt genomic DNA (gDNA) (Promega, Wizard® Genomic DNA Purification 379 Kit) by PCR (NEB, Q5® High-Fidelity DNA Polymerase). The other promoters (PALD4, 380 PFDH1, PSHB17, PPDC1 and PRPP1B) and terminators (TIDP1, TRPB1t, TRPS2t, TRPS3t and TRPBS17Bt) 381
were prepared accordingly and derived from genomic DNA of strain CBS7435 382 (Supplementary Table 5 ). CDSs of TDH3 and PGK1 were amplified from gDNA from 383
Ogataea polymporpha (CBS 4732) and TKL1 and TPI1 from gDNA from Ogataea 384 parapolymorpha (CBS 11895) according to the procedure described above and a C-terminal 385 peroxisome targeting signal 1 (PTS1) 23 encoding for SKL was added by amplification with 386 primers carrying the additional nucleotides. The sequences encoding Prk (Spinacia oleracea), 387
RuBisCO -cbbM (Thiobacillus denitrificans) and the chaperones GroEL and GroES (E. coli) 388 were codon optimized (GeneArt, Regensburg, Germany). Final plasmids were digested with 389 BpiI (BbsI), (ThermoFischer Scientific, USA) to obtain linear donor DNA templates used for 390 replacement of the three native loci. Specific single guide RNAs (sgRNAs) were designed 30 391 and cloned into CRISPi plasmids 29 
